The transcriptional programs that drive the generation of diverse GABAergic neuron populations from their common progenitor pools in the developing cerebellum remain unclear. 
| I N TR ODU C TI ON
The cerebellum is an ideal model system to study developmental neurogenesis because of its highly repeated cytoarchitecture and protracted development spanning embryonic and postnatal periods.
Cerebellar neurons are generated from two spatially distinct germinal zones in the embryonic cerebellum that give rise to divergent neurotransmitter cell types in the adult mouse-progenitors located in the ventricular zone (VZ) give rise to all GABAergic cerebellar neurons, while progenitors located in the rhombic lip (RL) give rise to all glutamatergic cerebellar neurons (Carletti & Rossi, 2008) .
Genes encoding pro-neural basic helix-loop-helix (bHLH) transcription factors play distinct roles in the genesis of GABAergic and glutamatergic neuronal populations in the cerebellum. Atoh1 (mouse atonal homolog 1) encodes a bHLH transcription factor that is expressed in RL progenitors and is required for the genesis of granule cells, the predominant glutamatergic neuronal population of the cerebellum (Ben-Arie et al., 1997) . In the VZ, the bHLH transcription factor Ptf1a (pancreas transcription factor 1a) is required for the specification of all GABAergic neurons of the cerebellum (Hoshino et al., 2005) . Ptf1a acts, in part, by suppressing the alternate glutamatergic granule cell fate in VZ progenitor cells (Pascual et al., 2007) . Ectopic Ptf1a expression in the RL or ectopic Atoh1 expression in the VZ subverts the identity of precursor-derived neurons in these two germinal niches with GABAergic neuronal fates ectopically maintained in the RL or glutamatergic neuronal fates ectopically maintained in the VZ. Combined these studies demonstrate Atoh1 and Ptf1a are essential and sufficient for neuronal specification from the cerebellar RL and VZ neuroepitheliums, respectively (Yamada et al., 2014) .
Previous studies reveal co-expression of a number of bHLH transcription factors within the Ptf1a expression territory of the VZ (Zordan, Croci, Hawkes, & Consalez, 2008) , suggesting mosaics of bHLH multiple transcription factor programs drive GABAergic cell-type specificity. More recently, the bHLH transcription factor gene Olig2 and the homeobox transcription factor gene Gsx1 have been identified as key temporal regulators of VZ progenitor cell fate .
Using gain-and loss-of-function mutations in mice, Seto et al. (2014) showed the switch from a Purkinje cell (PC) to inhibitory interneuron cell fate from the VZ is negatively regulated by Olig2 expression in the dorsal region and positively regulated by Gsx1 expression in the ventral region. During development, PC progenitors transition to become inhibitory interneuron progenitors spreading from ventral to dorsal . However, the mechanism(s) by which each of the inhibitory interneuron cell-types of the cerebellum are derived from Ptf1a-expressing progenitors remains unknown.
Neurogenin1 (Neurog1), Neurogenin2 (Neurog2), and achaete-scute homolog-1 (Ascl1, Mash1) are pro-neural bHLH transcription factor genes coexpressed in different subdomains of the Ptf1a-expressing VZ (Zordan et al., 2008) . Expression of these bHLH transcription factors does not overlap with Atoh1-expressing progenitors in the RL and genetic inducible fate-mapping (GIFM) supports a role for all three genes in the generation of GABAergic cell-type specificity in the cerebellum. GIFM demonstrates Ascl1-expressing progenitor cells give rise to PCs, GABAergic inhibitory interneurons, deep cerebellar nuclei (DCN) interneurons, and oligodendrocyte cell lineages depending on the embryonic stage of expression (Kim, Battiste, Nakagawa, & Johnson, 2008) . Neurog2 GIFM labels PCs and DCN GABAergic inhibitory interneurons but almost no cortical inhibitory interneuron cell types (Florio et al., 2012) . Our studies reveal Neurog1 is expressed in progenitors in the VZ and presumptive white matter (pWM) tracts fated to become PCs and all inhibitory interneuron cell types of the cerebellar cortex but not glia (Lundell, Zhou, & Doughty, 2009; Obana et al., 2015) . The exclusive neuronal fate of Neurog1 GIFM is unique among similar studies of pro-neural bHLH genes expressed in the VZ (Florio et al., 2012; Sudarov et al., 2011) . Furthermore, Neurog1 cell lineages are largely glutamatergic in the central nervous system (CNS) implying distinct functions in the cerebellum . Interestingly, the timing of Neurog1 expression in cerebellar progenitors differs between early and later phases of GABAergic neurogenesis. Neurog1 is expressed in PCs around the time they become post-mitotic while it is expressed in post-mitotic and mitotic interneurons (Obana et al., 2015) .
To determine the function(s) of Neurog1 in cerebellar development, we adopted a gene deletion approach. Conditional deletion of Ascl1 in the cerebellum of mice results in a reduction of cerebellar interneuron cell numbers (Sudarov et al., 2011) . Similarly, the conditional deletion of Neurog2 delays cell cycle progression, affects the maturation of PC dendritic arbors, and leads to a reduction in cerebellar volume (Florio et al., 2012) .
To study the effects if Neurog1 loss-of-function on PC progenitors in the embryonic cerebellum, we used conventional
Neurog1
Neo/Neo knockout (KO) mice developed by Ma, Chen, del Barco Barrantes, de la Pompa, and Anderson (1998). However, the
Neo/Neo mutation is neonatal lethal in mice (Ma et al., 1998) preventing the study of loss-of-function effects on postnatal cerebellar development, the period during which a majority of inhibitory interneurons of the cerebellar cortex are generated (Weisheit et al., 2006) . To overcome this limitation, we generated a novel floxed Neurog1 mutant mouse line (Neurog1 loxP ) for conditional gene deletion. Neurog1 loxP mice were bred onto either knock-in Engrailed2 CreER/1 (Orvis et al., 2012) or Ptf1a Cre/1 (Kawaguchi et al., 2002) mutant backgrounds to target Neurog1 deletion to the cerebellum; the Engrailed2 (En2) gene is expressed in all cerebellar cell types in the presumptive cerebellar territory (Orvis et al., 2012 
| Mouse lines
The Neurog1 Neo/Neo mouse line (Ma et al., 1998 ) was a gift from Jane
Johnson at UT Southwestern Medical Center. The En2 CreER/1 mouse line (Sgaier et al., 2005) was obtained from the Jackson Laboratory, Bar
Harbor, ME. The Ptf1a Cre/1 mouse line (Kawaguchi et al., 2002) . Both sexes were equally used in our studies. P7 and P10 mice had their sex determined by measuring the anatomical distance between their anus and genitalia. 
| Cell cycle analysis in Neurog1
Neo/Neo KO mice Heterozygous Neurog1 KO mice Neurog1 Neo/1 were overnight timedmated. Pregnant females were administered three successive intraperitoneal injections of 50 mg/kg bromodeoxyuridine (BrdU) on E12.5 each spaced 2 hr apart. Mice were sacrificed at two time-points after the last BrdU injection: (1) at 13 hr for dual anti-BrdU/anti-phH3 IHC;
(2) at 16 hr for dual anti-BrdU/anti-Ki67 IHC. Embryos were genotyped as described previously (Dalgard, Zhou, Lundell, & Doughty, 2011) and serially sectioned in the coronal plane. Confocal Z stacks were recorded at 40X magnification using an oil-immersion objective from every fourth section beginning with a randomly chosen starting rostral section. For each section imaged, three Z-stack image files 255 mm 2 in area were collected from the full medial-lateral axis of the cerebellum for counting by a blinded observer. For cell cycle progression analysis, the number of total BrdU1, BrdU1/phH31, BrdU1/phH3-, phH31/BrdU-, and total phH31 cells were recorded per column. For cell cycle exit analysis, the number of total BrdU1, BrdU1/Ki671, BrdU1/Ki67-, Ki671/BrdU-, and total Ki671 cells were recorded per column. Counts were performed on three Neurog1 Neo/Neo and three
| Thymidine analog delivery
Postnatal pups were administered 100 mg/kg ethynyldeoxyuridine (EdU) and 100 mg/kg BrdU by intraperitoneal injection on designated postnatal days at 10 AM. EdU was dissolved in sterile phosphate buffered saline and BrdU was dissolved in sterile saline. EdU1 cells were identified through a copper-catalyzed click chemistry reaction and BrdU1 cells were identified by anti-BrdU IHC. Both thymidine analogs had punctate nuclear staining.
| Immunohistochemistry
Mice were placed under anesthesia in an induction chamber containing a mixture of O 2 and isoflurane (2-4%) delivered by a vaporizer.
Anesthesia was maintained during intra-cardiac perfusion-fixation by a mixture of O 2 and 2% isoflurane using a nose cone. Mice were exsanguinated with ice-cold PBS and perfused with 4% paraformaldehyde Bright-field images were captured on a Zeiss color camera.
| In situ hybridization
Embryos were decapitated and the head was fixed by immersion in fixative overnight at 48C. For cryostat sectioning, embryonic tissue were rinsed in PBS and cryopreserved in 30% sucrose/PBS at 48C and frozen in optimum cutting temperature (OCT) compound. Sagittal sections (14-16 lm thick) were cut on the cryostat and stored at 2208C until ethanol, and hydrated in distilled water prior to incubating in 45 mL
Cresyl echt violet solution (0.5 g Cresyl echt violet, 80 mL distilled water, 20 mL 100% ethanol) and 15 drops of acetic acid for 8 min.
Sections were rinsed in tap water to remove excess staining solution, dehydrated with 100% ethanol, cleared in xylene, and allowed to dry in fume hood before being mounted with Permount solution.
| Stereo investigator (MBF Bioscience)
Estimated total population of GABAergic interneurons and PC numbers were quantified using the Stereo Investigator system (MBF Bioscience, Williston, VT) on a Zeiss AxioImager M2 upright microscope. The entire cerebellum was not quantified but the same vermal and medial hemispheric regions from one hemisphere were compared. A random medial section was selected as the initial Reference section with the consecutive section as the Lookup section; these two sections comprise of the first section pair. The next section pair was 80 lm away from the previous section pair moving in the direction from medial to lateral. Using this section pair selection method, 6-10 section pairs were quantified per animal. The entire sagittal section of the cerebellum was outlined in a closed contour using a 5x objective, and cells were counted with a 20x objective using the Physical Fractionator method with a 5 lm depth and no top guard zone. The counting frame size was 100 3 100 lm and the grid size was set so that there was an average of 10 sites on an averaged sized contour. Cells only on the Reference image, but not on the Lookup image, were counted. All stereological measures yielded a Gundersen coefficient error of <.16 (Geinisman, Gundersen, van der Zee, & West, 1996; West & Gundersen, 1990 ).
The Cresyl violet method uses basic aniline dye to stain RNA blue.
The Nissl substance (rough endoplasmic reticulum) appears dark blue from the staining of ribosomal RNA; DNA present in the nucleus stains a similar color. Therefore, all GABAergic interneurons and PCs of the cerebellar cortex that were quantified must have one or more dark DNA clusters surrounded by a mottled cytoplasm (see Figure 4 ). Basket and stellate cells had a round or oval multipolar soma. The molecular layer (ML) was divided along the middle laminar axis into the inner and outer sublayers, and the number of basket and stellate cell types were counted by their location within the inner and outer halves, respectively. PCs were identified by their large, pear-shaped soma positioned between the granule cell and MLs of the cerebellar cortex with some staining of their highly branched dendritic arbors in the ML. Golgi cells were quantified in the densely packed granule layer (GL) and had large (soma > 10 mm diameter), irregularly shaped soma. Golgi cells had a larger circumference and lightly stained cytoplasm in comparison to the small, dark stained cytoplasm of granule cells. Golgi cell counts did not distinguish between Golgi cell subtypes identified by Simat, Parpan, and Fritschy (2007) .
| Cavalieri method
The Cavalieri method was used to estimate cerebellar volume using MBF Bioscience software. The same closed contour that outlined the entire sagittal section of the cerebellum using a 5x objective for Stereology was used with the Cavalieri probe to estimate cerebellum volume. All Cavalieri estimator measures yielded a Gundersen coefficient error of <.1. (Ozol, Hayden, Oberdick, & Hawkes, 1999) . In our study, we refer to lobules I-V as anterior, VI-VII as central, and VIII-X as posterior lobules.
| Cell quantification (IHC)
For
| Statistical analysis
All of the data are presented as mean 6 standard deviation (SD). Unless otherwise stated, statistical analysis was conducted using the unpaired Student's t-test or two-way ANOVA using GraphPad Prism 7 software. Figure 4k ) and these data were compared using the nonparametric Mann-Whitney test.
| RE S U L TS
3.1 | Neurog1 loss-of-function effects on cell proliferation in the VZ during the period of peak PC production Our GIFM data demonstrates Neurog1 is expressed in progenitors fated to become PCs from E10.5 to E13.5, with the peak period of PC labeling with GIFM at E11.5 (Obana et al., 2015) . BrdU pulse-labeling with GIFM indicated Neurog1 expression in PC progenitors occurred around the time they become post-mitotic, consistent with a functional role in cell cycle progression and/or cell cycle exit. To test this hypothesis, we used conventional Neurog1 Neo/Neo KO mice (Ma et al., 1998) to measure the effects of Neurog1 loss-of-function on VZ cell cycle parameters in E12.5 mice. We reasoned VZ cell activity at E12.5 would include the period of peak PC GIFM with TMX on E11.5 (TMX is predicted to label cells 16 to 136 hr after delivery). E12.5 mice were given three successive injections of BrdU each 2 hr apart (to maximally label cells in S-phase during this 4 hr developmental period) and sacrificed for IHC at 3 or 6 hr after the last BrdU injection (Figure 1a ), end points equivalent to approximately E12.8 or E13.
Mice sacrificed at E12.8 were analyzed for cell cycle progression using the G2/M phase cell cycle marker phospho-Histone H3 (phH3) (Figure 1b ). S-phase duration is estimated to be 4.9 hr and G2 1 M phase less than 2 hr in E12.5 VZ progenitors (Florio et al., 2012) , thus cells labeled in late S-phase at E12.5 would be expected to have transitioned to G2-or M-phased by E12.8. Quantification of the numbers of total BrdU1, BrdU1/phH31, phH31/BrdU-, and total phH31 cells did not reveal differences between Neurog1 Neo/Neo and Neurog1 To confirm Cre-mediated recombination could be used to conditionally ablate Neurog1 expression in the cerebellum, we first wanted to confirm our KO mice had Neurog1 expression deleted in the cerebellum only. We crossed Neurog1 loxP mutants onto an En2 CreER background. GIFM in En2 CreER/1 mice demonstrates TMX administration at E9.5 or E10.5 labels midbrain-hindbrain progenitor cell populations that give rise to a broad range of VZ-derived and RL-derived cell lineages in the cerebellum of adult mice (Sgaier et al., 2005) . TMX at E9.5 labels the greater cerebellar territory in adults with dense labeling of cells throughout the vermis and hemispheres (but not the paraflocculi) of the adult cerebellum. Accordingly, we delivered TMX at E9.5 to ablate Neurog1 in the largest cerebellar territory possible. A dose of 50 mg/kg TMX was administered at E9.5 to pregnant Neurog1 loxP/loxP ; En2
CreER/1 (cKO) dams and embryos were harvested at E12.5, sectioned and processed for ISH (Figure 3a -h 0 ) to assess for Neurog1 mRNA expression in Golgi cell number (n 5 3; p 5 .4978). Due to breeding difficulties and TMX toxicity in pregnant dams, we shifted our focus on analyzing pKO mice and their control littermates for the remainder of our studies.
Similar to cKO mice, in pKO mice there is no significant difference (n 5 4; p 5 .3704) in the estimated cerebellum volume (Figure 4j ). Cell quantification reveals no significant differences (n 5 4; p 5 .8009) in basket cell number (Figure 4k ), stellate cell number (n 5 4; p 5 .8952) (Figure 4l ), PC number (control 5 3, pKO 5 4; p 5 .3926) (Figure 4m ), or
Golgi cell number (control 5 3, pKO 5 4; p 5 .8896) (Figure 4n ). Combined these stereological cell counts reveal Neurog1 deletion in the cerebellum using either conditional En2 CreER or constitutive Ptf1a-Cre drivers does not result in significant differences in cerebellar volume or GABAergic cell number in the cerebellar cortex of mice at P21.
As our stereological analysis revealed no differences between any of the ckO or pKO comparisons, we performed a power analysis on the data to determine if the lack of a significant difference was due to the sample sizes of 3-5 per group. Post hoc power calculations showed that stereology cell count effect sizes were small with effects ranging from 0.05 SDs in the basket cell counts of cKO mice to 0.7 SDs in the PC counts of pKO mice. To achieve 80% power for the effect size 0.7
SDs, the required sample size is 32 per group. To achieve 80% power for the effect size 0.05, the required sample size is 3,363 per group.
We conclude our stereological cell counts reveal no statistical difference in Purkinje, Golgi, basket, or stellate cell number in P21 mice following conditional gene deletion in Neurog1 loxP/loxP mice using either
En2
CreER/1 or Ptf1a Cre/1 drivers.
| Neurog1 loss-of-function effects on cell proliferation of Pax21 inhibitory interneuron progenitors in the pWM tracts at P7
To determine the effects of cerebellar Neurog1 loss-of-function on the proliferation of inhibitory interneuron progenitor cells, we injected mice with thymidine analogs. About 75% of all Pax21 interneurons are generated prior to P7 with maximal increase around P5 (Weisheit et al., 2006) . Therefore, we injected pKO mice with EdU at P5, BrdU at P6, and analyzed the cerebellum at P7 (Figure 5a ). Sagittal sections of the cerebellum spanning the mediolateral axis were processed for double anti-Pax2/anti-BrdU IHC and EdU click chemistry reaction (Figure 5b , c). Cells were quantified in the anterior (I-V), central (VI-VII), or posterior (VIII-X) lobules of the cerebellum and two-way ANOVA used to compare cell numbers in pKO (n 5 5) and control littermates (n 5 4) at age P7.
The distribution of EdU and BrdU labeled cells in the cerebellar cortex reveals substantially more labeling with EdU at P5 than BrdU at P6 (not quantified). Although, as mentioned, the proliferation of inhibitory interneurons peaks at P5 (Weisheit et al., 2006) , we suspect these differences also relate to differences in EdU/BrdU delivery and detection sensitivity. Overall cell counts do not reveal significant differences in Pax21/EdU1/BrdU1 interneuron cell numbers between control and pKO mice at P7. There is no significant effect of genotype on There are similarly no differences in cell number between lobules and no significant interactions between genotype and lobule (all p values > .05). As an additional confirmation, we performed t tests on each of the regional counts made at P7. This revealed p-values > .10.
We conclude these data indicate Neurog1 loss-of-function did not significantly effect the number, proliferation, or P5 to P6 cell cycle reentry rates of Pax21 inhibitory interneuron progenitors in the cerebellum.
3.5 | Neurog1 loss-of-function effects on Pax21 inhibitory interneuron migration from the pWM tracts p-values are approaching significance. We suspect the failure to detect differences in BrdU-compared to EdU-labeled cell distribution in the GL could be due to the substantially lower rates of BrdU incorporation in our mice. Two-way ANOVA also reveals no differences in In this study, we investigated the effects of Neurog1 loss-of-function on prenatal and postnatal cerebellar development in KO mice. The effects of Neurog1 deletion on embryonic cerebellar development were investigated using an existing Neurog1 Neo/Neo null mutant mouse line (Ma et al., 1998) . As the Neurog1 Neo/Neo mutation is neonatal lethal in mice, we generated a novel There are no significant differences between pKO and control mice in the number of Pax21 interneurons that incorporated BrdU at P6 (f, l) or both EdU at P5 and BrdU at P6 (g, m) in the GL or ML. (Mean 6 SD; pKO 5 4, control 5 3; two-way ANOVA, multiple comparisons). Key: BrdU 5 bromodeoxyuridine; EdU 5 ethynyldeoxyuridine; EGL 5 external granule layer; GL 5 granule layer; ML 5 molecular layer; PCL 5 Purkinje cell layer in PCs immediately following or at terminal cell division (Obana et al., 2015 Our lab has shown coexpression of Neurog1 and Ascl1 in individual progenitor cells in the VZ of the cerebellar anlage at E12.5 (Obana et al., 2015; Zordan et al., 2008) . Since Ascl1 has been shown to be required for the generation of late-born GABAergic cerebellar interneurons (Sudarov et al., 2011) , Ascl1 may be responsible for genetic compensation of Neurog1 in our conditional KO mouse and the reason we do not see reductions in GABAergic cell populations at P21. If this is the case, the generation of double KOs floxed for both Ascl1 and Neurog1 would be expected to result in greater losses of inhibitory interneurons than occurs with Ascl1 cerebellar deletion alone. These experiments are now possible with the development of our Neurog1 loxP line. Another possibility is that Ptf1a function compensates for Neurog1 deletion to ensure normal GABAergic cell specification in our conditional mutants. Neurog1, Neurog2, and Ascl1 expression overlap with the Ptf1a expression domain in the VZ (Zordan et al., 2008) and Ptf1a plus Ascl1 double mutant mice have shown Ptf1a functions with Ascl1 in generating interneurons in the ML (Sudarov et al., 2011) . Mice lacking one copy of the Ptf1a gene in Ascl1 conditional KOs had a stronger phenotype of reduced stellate interneurons when compared to mice lacking only Ascl1 in the cerebellum, suggesting overlap in the functions of Ptf1a and Ascl1 in regulating generation of ML interneurons (Sudarov et al., 2011 . Thus, our floxed Neurog1 mutant mouse can serve as an important tool to assess Neurog1 function in CNS cell circuit specification and associated behaviors in postnatal mice.
